Abstract: This paper describes the development and use of real-time non-invasive Multivariate analysis tools for the performance monitoring of atmospheric pressure plasma. The MVA tools (acoustic spectrogram analysis, principal component analysis and non-parametric analysis) are embedded within a LabVIEW software program. The software program is used to probe a parallel-plate atmospheric pressure process system. It is found that the acoustic frequency spectrum distribution provides a signature of the plasma mode of operation. The signatures are modeled as overtones of the fundamental drive frequency and combination signals (intermodulation distortion). Within these spectrums syncopated patterns are observed. The acoustic signatures are correlated with changing electrical parameters. Using appropriate scaling factors, PCA of the current and voltage waveform are used to generate data set clusters that are deterministic of the acoustic signals. Non-parametric cluster analysis is used to identify and classify the modes.
I. Introduction
The monitoring and control of plasma processes is essential during manufacture to ensure uniform and predictable treatments. Many tools are available for monitoring vacuum-based plasma systems; however, the use of atmospheric pressure plasma systems is increasing due to their ability to process large areas in a reel-to-reel manner [1, 2] , or, where mobile handheld plasma devices treat small area surfaces [3] . With this increase in atmospheric pressure plasma processing a new set of metrology tools must be developed to analysis the plasma processing conditions and enable real-time decision on input parameters to be made such that factors like coating thickness, morphology and chemistry can be adequately controlled.
The plasma equipment used in these series of experiments was the SE-1100 atmospheric pressure plasma system developed by Dow Corning. The SE1100 is a stand-alone processing tool, which is capable of plasma treating and coating flexible polymer webs. It consists of two chambers, each measuring 320mm x 320 mm and associated web handling equipment through which the polymer web is passed. Using the frequency matching power supply, powers of up to 2000 W, or 1000 W per chamber, is applied. This abstract describes how freely available plasma generated acoustic emission (microphone position at the output of the chamber) and nonsinusoidal arbitrary current and voltage waveforms are captured and processed for real-time non-invasive performance analysis. The data is collected using a multivariate analysis tool kit, (developed in LabVIEW software) where the most critical parameters of the process are extracted and decisions on input parameters are made based on this data [4] . The process is monitored during plasma treatment of materials without affecting the actual operating conditions.
Multivariate analysis software
The software is placed within a laptop computer. For ease of use, reduced equipment setup cost, and portability, the data collection probes (fast digitizers and microphones) are connected to the computer through USB ports and a in-line microphone sockets. The MVA tools comprise a shortterm Fourier transformation [5] to produce acoustic spectrogram waterfall, phase space analysis and principal component analysis (PCA) of electrical waveform data [4] , and non-parametric cluster analysis packarge built from NI Vision Builder software [6] .
The basic methodology of the Short-Term Fourier Transform (STFT) is to extract N samples of the acoustic signal by windowing and compute the DFT (Discrete Fourier Transform) of the signal without a significant spectral leakage. In this case a Gaussian window function is used because we are detecting a repetitive signal, rather than speech patterns. The window length is 4096. This program cuts the recorded sound into frames and rebuilds them into a block of n frames.
Principal component analysis is performed on the current and votage waveforms and dispalyed in the from of a Loading plot. The X-axis voltage sore and the Y-axis current score are construct from the rms values of current and voltage wavefoms plus the addition of the frequency in unit of kHz. This process is represented in equations 1 and 2. The high dimensional space of the PCA Loading plot is used to track the plasma performance.
Current waveform → I rms → I rms + f = score (1) Voltage waveform → V rms → V rms + f = score (2) To perform NPCA, the Loading plot image is exported into NI Vision builder. This software contains a suite of hieratical particle measurement tools and is set to look for bright objects within a local threshold. A background correction method within the 'detect object step' is used. The local threshold algorithm works by calculating the intensity (I) of the pixel under consideration (I = 1) with its neighbouring pixels (I n = 1 or 0, where 0 has no data point). For a data point that is sized as a single pixel this would mean that 8 neighbouring pixels would be examined. If the 8 neighbouring pixel have an I = 0, then the pixel under consideration will be classified as a cluster. The algorithm allows the local threshold window to be varied in both height and width in steps of one pixel. This process is schematically illustrated in figure 2. 
SE-1100 Results
Acoustic: In this section acoustic and PCA representations of the current waveforms are presented and the interpretation discussed. The data was taken from a helium plasma driven at ~25 kHz and applied power of 500W. Visually, this plasma is characterised by a uniform although spatially nonhomogeneous plasma, with some visible features called column micro discharge (CMD) present [4] . Figure 3 shows two acoustic spectrums for these plasma modes. A tone analysis of the acoustic spectrums reveals a number features. Firstly the fundamental drive frequencies are slightly different at (f 0 = 24.5 and 25 kHz, respectively) and hence their second overtones 49 and 50 kHz. Secondly the combinations (or, intermodulation distortion) is present but is most marked in figure 3b as compared to figure 3a. This should be is excepted as we are measuring sound energy, rather than electromagnet frequencies. Mathematically this can be expressed as f 0 ± f 1-3 to generate a comb of sums and differences combination tones around f 0 and its second overtone. Table 1 and 2 reveal the result of this analysis for figure 3a and 3b. In Table 1 , the tabulated results indicate a partial intermodulation with the difference being present for f o and the sums present of the second overtone. Table 2 shows that the strong intermodulation distortion relationship. Indeed the distortion can be found for nearly combinations up to f 0 ± f 1-3 Furthermore the displayed spectral densities for these frequencies are evident with respect to figure 3a. The measured sum and difference need to have a physical origin, generally this is thought to be a non-linear mechanism, and in this case the reactance of the plasma is the likely cause.
PCA results:
To find the deterministic link between the acoustic data and the plasma, PCA of the plasma generative current and voltage waveforms has been performed. Figure 4 shows the exploration of this link for the first minute of the 500W He plasma generation. The process starts at the bottom left and progresses to the top right with data points added at are rate of 1 point per 0.5 seconds. The red-line highlights the trajectory between the clusters. Here it is seen that two clusters are formed, the clusters elongate in the direction of the arrow and process time. It is observed that the acoustic emission spectral density profile is synchronised with the individual clusters. The bottom cluster corresponds to the acoustic emission in figure 3a and the upper cluster is associated with figure 3b. Under these conditions the two clusters are self-evident. However when the process is run at high powers the cluster number becomes complex making the classification and interpreted uncertain.
To check that the clusters do not arise from the measurement software or from the multiplicity of chambers two tests have be performed. The software test used a dual function generator that produced similar input waveforms: the outcome being a signal cluster with a random spread of data point. The multi-chamber effect was eliminated as the cluster effect was found when only one chamber was used.
With this knowledge a series of PCA plots as a function of applied power steps (400, 700, 1000, 1100, 1300 and 1500W) were made, the outcome of this experiment is show in figure 5 . The data reveals the cluster number increases with through the 500 to 1300 W power ranges. Above this power the clusters begin to merge and visual inspection becomes difficult. At these high powers it known that the plasma is operating in the spatially homogeneous pesudoglow discharge mode. For further cluster analysis nonparametric cluster analysis was performed. The number of clusters is observed to increase with applied through the 500 to 1300 W, Figure 5 ... Above this power the clusters begin to merge and visual inspection becomes difficult. At this point non-parametric cluster analysis is required.
NPCA results:
To match the captured cluster data NPCA on the data sets have been performed. With the data images exported into Vision builder software, the local adaptive threshold window XY kernel was iterated so that 2 clusters at low power where registered and increase in number in the mid power range before falling to one or two clusters at high power. The best fit was found when the kernels equal; X = 17, and Y = 17 pixels. The cluster fit is shown in figure 6 . Here it is seen that the algorithm does reproduce to a high degree the visual perspective of the data. One or two outlying data points not registered can be attributed to transients that do not belong to any one of the man clusters. 
Conclusion
This abstract has described the application of data-driven multivariate analysis (real-time frequency spectral analysis, PCA and NPCA) to atmospheric pressure plasma. Three mathematical tools were applied to the acoustic emission discharge and generative analogue current and voltage waveforms. The result is a linear transformation of the input data into high dimensional space that is visible to the operator as a function of process time. Using this format a relationship between the acoustic emission and electrical data is found. In the lower power mode (uniform although spatially nonhomogeneous plasma) two alternating clusters with a time periods of ~10 seconds are found. When scaling and the sampling rate are fixed, NPCA can be performed. The NPCA was performed using Euclidian distance, rather than angle measurement [7] . The reason for this approach is to enable the local threshold algorithm within the National Instruments LabVIEW Vision builder software to be employed with ease. A local threshold algorithm was utilised. It was found that the best fit to the applied power to cluster has a symmetrical kernel of X = 17: Y =17. The outcome of instrumentation tests and chamber geometry studies point to a plasma influence in the formation of the observed cluster partitioning.
With regard to the input-output data relationship in real-time, the spatial orientation of the displayed data points will allow a surrogate model of the underlying physical processes reaction to be generated; this aspect of the work is under investigation.
